To invade the decidua and myometrium, extravillous trophoblast must degrade an assortment of extracellular matrix (ECM) components. The uterine wall is rich in heparan sulphate proteoglycans (HSPG), which interact with collagen, laminin and fibronectin, and bind a variety of growth factors. HSPG are catabolised by heparanase, an enzyme that is highly expressed in the placenta. The aim of this study was to investigate the role of heparanase in first trimester trophoblast invasion. First trimester cytotrophoblasts (CTB) were isolated by trypsin digestion followed by centrifugation on a Percoll gradient. Cells were cultured on Matrigel to promote an extravillous phenotype. Heparanase expression was studied by immunohistochemistry and confocal microscopy. Trophoblast invasion was assessed using an in vitro transwell assay. A high level of heparanase was observed in isolated first trimester trophoblast; however, a function-blocking antibody did not inhibit invasion of primary CTB or the extravillous trophoblast cell line SGHPL-4 at 21% oxygen. In contrast to cancer cells, heparanase expression was not increased following culture at 3% oxygen, and trophoblast invasion was not retarded by the blocking antibody under these conditions. Heparanase expression was observed in stromal cells and vascular endothelium in first trimester parietal decidua. Expression was evident on the cell surface and in the nucleus of trophoblast and decidual cells. In conclusion, trophoblast heparanase is not required for invasion in vitro. Its abundant expression suggests another role during pregnancy, perhaps in controlling the availability of ECM-bound growth factors or acting as a transcription factor.
Introduction
Maintenance of a successful pregnancy is dependent on the ability of extravillous trophoblast to invade the decidua and myometrium and remodel the uterine spiral arteries. Degradation of extracellular matrix (ECM) components within the uterus is a prerequisite for trophoblast migration and tissue remodelling. The uterine wall is rich in heparan sulphate proteoglycans (HSPG), which interact through their glycosaminoglycan (GAG) domains with collagen, laminin and fibronectin to maintain the structure and stability of the ECM. Cleavage of heparan sulphate glycosaminoglycans (HSGAG), therefore, facilitates ECM disassembly. HSPG are present on the cell surface and in the extracellular matrix where they influence adhesion, migration and differentiation and bind a variety of growth factors, chemokines and lipoproteins [1e3] . HSGAG chains are catabolised by heparanase, an endo-b-D-glucuronidase that is highly expressed in the placenta [4, 5] , and by lymphocytes [6] , monocytes [7] , neutrophils [8] and platelets [9] . Heparanase has been studied predominantly in the context of cancer biology where its defined roles in tumour angiogenesis, invasion and metastasis are well described [10] . However, this unique enzyme has multiple roles in normal physiology and has been implicated in wound healing [11] , immune surveillance [12] and hair growth [13] .
Heparanase is synthesized as a 65 kD pro-protein which is cleaved by cathepsin L-like proteases [14] to generate an active heterodimer composed of a 50 kD and an 8 kD subunit [15] . It is pro-angiogenic, partly because HSGAG cleavage releases angiogenic factors (VEGF, FGF-2) sequestered by HSPG in basement membranes and ECM [1e3,16] . It has previously been shown that human heparanase exhibits optimal activity at pH 4e5 with only partial activity observed above pH 7 [17, 18] , suggesting additional functions for this molecule. Indeed at physiological pH, heparanase binds to HSPG without degrading the HSGAG, and it can act as a tether for CD4 þ human T lymphocytes [18] , functioning as an adhesion molecule rather than an endo-b-glucuronidase. Studies of cells transfected with green fluorescent protein (GFP)-conjugated human heparanase cDNA have shown that the enzyme is found predominantly in acidic granules and in perinuclear endosomal granules associated with the endoplasmic reticulum [19] .
Heparanase has been extensively described in cancer cells, where its expression is upregulated by hypoxia and correlates with metastatic behaviour [16,20e22] . A significant correlation between enhanced heparanase mRNA [23] and protein [24] expression and shorter postoperative survival has been observed in patients with pancreatic and bladder cancer. The expression of a single extracellular enzyme has identified heparanase as a major drug target in cancer biology [25] . The role of heparanase in tissue invasion by cancer cells has been likened to extravasation of both normal and malignant bloodborne cells; after attachment to the vascular endothelium, secretion or plasma membrane expression of heparanase results in catabolism of subendothelial HSPG, which is necessary for transmural migration [26] .
Extravillous trophoblasts utilise a plethora of different proteases to facilitate invasion and implantation, many of which have been extensively characterised. However, although heparanase is highly expressed in the placenta during pregnancy [4, 5] , the assumption has been that heparanase is involved in the mechanism of trophoblast invasion [27] , despite a lack of functional evidence. In common with malignant cells, first trimester extravillous trophoblasts exist in a hypoxic environment, exhibit an invasive phenotype and demonstrate extravasation in the spiral arteries. As heparanase has been shown to be crucial for invasion and metastasis of cancer cells [20e22], we have investigated the role of heparanase in trophoblast invasion.
Methods

Reagents
Mouse monoclonal anti-cytokeratin-7 antibody (clone OV-TL 12/30; M 7018), mouse control IgG, biotinylated swine anti-rabbit IgG, biotinylated goat anti-mouse IgG, DakoCytomation A/S (Glostrup, Denmark); rabbit polyclonal antibody raised against recombinant heparanase [20] 
Cell culture and tissue collection
First trimester placenta and decidua (8e12 weeks gestation) were obtained at elective surgical termination of pregnancy. Informed consent was obtained for all tissue used in this study and local ethical committee approval was in place. First trimester cytotrophoblasts were isolated as previously described [28] , plated onto Matrigel coated plates and cultured in 1:1 Ham's F12:DMEM. SGHPL-4 cells were cultured in Ham's F10 medium. The ovarian cancer cell line OC-MZ-6 was cultured in DMEM containing 10 mM HEPES, 116 mg/L arginine and 36 mg/L asparagine. All media were supplemented with 10% FBS, L-glutamine (2 mM), penicillin (100 IU/ml) and streptomycin (100 mg/ml). Cells were incubated in 95% air/5% CO 2 at 37 C, unless otherwise stated.
Immunohistochemistry
Primary cytotrophoblasts (CTB) were fixed with paraformaldehyde (4% (v/v); 15 min) and permeabilised with Triton-X 100 (0.1% (v/v); 8 min). Primary antibodies were diluted in PBS (anti-cytokeratin-7; 1:100) and applied to CTB for 1 h. Cells were washed three times in PBS before application of a TRITC-conjugated secondary antibody (1:100; 1 h). Cells were then washed in PBS, incubated with a control mouse IgG (1:200; 1 h) and washed again. CTB were counterstained using an anti-heparanase antibody (1:100; 1 h), a biotinylated swine anti-rabbit secondary antibody (1:200; 1 h) and streptavidin Alexa Fluor 488 (1:66; 1 h). After further washes, sections were mounted in Vectashield Ò containing DAPI. Wax-embedded decidual tissue sections (5 mm) were screened with an antibody against cytokeratin-7 to identify samples that did not contain extravillous trophoblast (parietal decidua). These sections were deparaffinised in xylene and alcohol, and microwaved for 10 min in sodium citrate buffer 
Trans-filter migration assay
Trophoblasts or OC-MZ-6 cells were plated onto 10 mm transwell inserts with 8 mm pores, which were coated with a thin layer of Matrigel and placed in a 24-well plate. After the cells had adhered, the culture medium was removed and replaced with medium containing a heparanase function-blocking antibody (validated in ref. [20] ) or a control rabbit IgG. Cells were incubated at 37 C for 24e48 h, after which time the transwells were washed with PBS and the cells fixed in 4% (w/v) paraformaldehyde in PBS for 15 min. The transwells were then removed from the plates and the upper side of each insert was wiped with a cotton bud to remove the cells. The cells on the lower side of the inserts were stained using Harris hematoxylin for 15 min. The number of cells per field was counted using a Â20 objective and the results expressed as the percentage of the total number of cells, which had been cultured in parallel on a cover slip at the beginning of the experiment.
Statistics
Data were compared using a Wilcoxon matched pairs test. All statistical analyses were performed using GraphPad Prism software, version 4 (GraphPad Software, San Diego, CA, USA). Significance was taken as p < 0.05. Data are presented as the mean AE SEM from at least 3 independent experiments.
Results
Heparanase expression was observed in cytokeratin-7-positive primary human first trimester cytotrophoblasts cultured at 21% oxygen (Fig. 1A) . Prominent nuclear staining was evident, with expression also observed in the cytoplasm. No changes in staining intensity or cellular localisation were noted when cytotrophoblast were cultured at 3% oxygen (Fig. 1B) . Immunohistochemical staining of first trimester parietal decidua revealed that decidual stromal cells and vascular endothelial cells expressed heparanase (Figs. 2A,D) . Again, immunolabelling was observed in both the cytoplasm and the nucleus of decidual cells (Figs. 2B,E) . A non-specific rabbit IgG was used as a control (Figs. 2C,F) .
To investigate whether trophoblast-derived heparanase is required for invasion, we studied the ability of primary human first trimester cytotrophoblast and the extravillous trophoblastderived cell line SGHPL-4, to invade a Matrigel-coated transwell filter in the presence of a heparanase function-blocking antibody. Inhibition of heparanase had no effect on the invasive capacity of first trimester cytotrophoblasts (Fig. 3A) or SGHPL-4 ( Fig. 3C ) cultured at 21% oxygen. Similarly, the heparanase function-blocking antibody did not inhibit trophoblast invasion at 3% oxygen (Figs. 3B,D) . To confirm that the antibody exhibited function-blocking activity, these experiments were repeated using the ovarian cancer cell line OC-MZ-6, which requires heparanase activity for optimal invasion [20] . OC-MZ-6 cell invasion was significantly inhibited, with the percent of invading cells decreasing from 32.1 AE 1.4 in control cultures to 6.59 AE 1.8 in antibody-treated cultures ( p < 0.05; Fig. 3E ). This demonstrates that the antibody used in this study is an effective inhibitor of heparanase activity, and confirms that heparan sulphate degradation is not necessary for trophoblast invasion in vitro. 
Control
Discussion
Here we demonstrate that trophoblast-derived heparanase is not required for invasion across a Matrigel barrier in vitro. It has previously been reported that heparanase activity does not differ between trophoblasts isolated from first trimester or term placenta [4] . As first trimester extravillous trophoblasts are much more invasive than trophoblasts isolated at term, it is unlikely that the primary role of heparanase is to mediate invasion, which has rather been shown to be dependent on the activity of proteases in the matrix metalloproteinase and plasminogen activator families [29, 30] . Similarly, culture of cancer cells at low oxygen tension has previously been shown to increase heparanase activity and promote invasion [20] . During the first trimester of pregnancy, when extravillous trophoblasts are invading the decidua and myometrium, the oxygen tension in the placental bed is low. If heparanase plays a significant role in mediating trophoblast invasion at this time, it might be expected that a low oxygen environment would increase heparanase activity and promote invasion. As inhibition of heparanase function had no effect on trophoblast invasion under low oxygen conditions in vitro, this provides more evidence that heparanase is not an important mediator of invasion in vivo.
Other functions proposed for heparanase may be relevant in extravillous trophoblast. Nuclear localisation was prominently observed in first trimester CTB. Heparanase has previously been shown to act as a transcriptional regulator; translocation to the nucleus provoked differentiation of HL-60 cells [31] and COX-2 expression in primary human esophageal cancer cells [32] . Induction of COX-2 expression by leukemia inhibitory factor (LIF) has previously been shown to promote migration of another extravillous trophoblast cell line, HTR-8/SVneo [33] .
There is increasing evidence that heparanase can function as an adhesion molecule, anchoring CD4 þ human T lymphocytes to HSPG [18] . Over-expression of surface-associated heparanase promoted adhesion of lymphoma cells independently of its endoglycosidase activity [34] . Murine lymphoma cells over-expressing the same isoform invaded reconstituted basement membranes to a much higher extent than cells over-expressing the intracellular enzyme, demonstrated enhanced metastasis and stimulated greater angiogenesis in vivo [35] , indicating that adhesion and invasion may go hand in hand. Enzymatically inactive heparanase enhances Akt signalling and stimulates PI3K-and p38-dependent migration and invasion by endothelial cells [36] . Hence, in trophoblast, it may be intracellular rather than extracellular heparanase that regulates the extent of invasion. The function-blocking antibody used in our experiments targeted secreted and surface heparanase, and further studies will be required to evaluate the effect on trophoblast function of knocking down the intracellular protein.
It has previously been shown that the phenotype of rabbit aortic smooth muscle cells (SMC) can be altered by catabolism of HSPG or by incubation with heparanase [37] . If the same is true of trophoblast-derived heparanase and spiral artery SMC, this enzyme may facilitate arterial remodelling by making SMC more sensitive to apoptotic stimuli, rather than aiding mural colonisation [26] . Heparanase may therefore be utilised indirectly to promote extravasation of trophoblast, rather than playing a direct role in matrix breakdown. Transcriptional activity of the heparanase promoter can be stimulated by estrogen [38] and the inflammatory cytokines TNF-a and IFN-g [39] , which are important signalling molecules within the placental bed.
Abundant expression in both trophoblast and decidua indicates a role for heparanase at the materno-fetal interface. In mouse, heparanase is upregulated during decidualisation, and intravenous administration of the oligosaccharide inhibitor PI88 reduces implantation rates [40] . However, it does not appear necessary to fulfil the obvious role of mediating HSPG breakdown during trophoblast invasion, at least in the Matrigel assay. Instead, heparanase may be required for normal decidualisation. Further studies will be required to delineate the functions of trophoblast-derived heparanase in the placental bed.
